We noninvasively measured changes in average aortic stiffness in 79 cynomolgus monkeys being fed cholesterol progression, regression, and control diets by measuring pulse wave velocity (PWV) in 260 experiments during a 30-month period. Every 6 months, a group of monkeys was studied with invasive aortic PWV techniques and with ultrasonically determined pressurestrain elastic modulus (Ep) of the carotid artery, and then the group was killed so that morphometric evaluation of atherosclerosis severity could be made. After 6 months of a cholesterol progression diet, PWV decreased slightly from 6.2+±0.1 to 5.7±0.1 m/sec, followed by an approximate linear increase to 8.8±1.2 m/sec after 30 months on the diet. The corresponding ratio of intimal (plaque) area to medial area (LA/MA) measured on perfusion-fixed cross-sections of the abdominal and thoracic aortas increased from 0.16±0.07 at 6 months to 1.23+±0.22 at 30 months. Monkeys in the regression groups were fed the cholesterol progression diet for 18 months, followed by a chow diet for 6 or 12 months. In the first 6 months of the cholesterol regression diet, PWV continued to increase from 7.0+±0.2 to 8.1±0.4 m/sec, and IAMA was 1.24-±0.18. However, after 12 months of the cholesterol regression diet, PWV decreased to 6.8± 0.4 m/sec, and IA/MA was 0.90 ±0.18. The variability of the data demonstrates that PWV is not a simple function of atherosclerosis severity, and the best simple correlation was r=0.69 (r2=0.48) between PWV and intimal area. However, multiple regression analysis of aortic PWV, systolic (SP) and diastolic (DP) blood pressures, and total plasma cholesterol concentration (TPC), all of which can be measured with minimally invasive techniques, improved the prediction of the IA/MA ratio through the following equation: IA/MA=0.127 PWV-0.039 DP+0.023SP+0. r2=0.66). These data suggest that arterial stiffness in combination with minimally invasive parameters can be used to predict the severity of diffuse asymptomatic atherosclerosis in monkeys. However, more widespread application of these data to humans is uncertain because of biological variability and differences between animal models and human subjects. (Circulation 1991;83:1754-1763 N oninvasive techniques such as ultrasonic imaging and Doppler analysis are capable of documenting the severity of advanced atherosclerotic disease and of providing necessary information for surgical and medical therapy. However, these methods are not completely developed for evaluating atherosclerotic lesions with minimal luFrom the
N oninvasive techniques such as ultrasonic imaging and Doppler analysis are capable of documenting the severity of advanced atherosclerotic disease and of providing necessary information for surgical and medical therapy. However, these methods are not completely developed for evaluating atherosclerotic lesions with minimal lu-Farrar et al Pulse Wave Velocity and Atherosclerosis 1755 document progression4,5 and regression6 of early aortic atherosclerosis in nonhuman primates. PWV has also been shown to increase with age,7-13 hypertension,9,1214-16 diabetes,17 and coronary artery disease10 and to decrease after reduction in salt intake. 18 In addition, the progression of carotid artery atherosclerosis in monkeys19 and the evaluation of carotid elasticity in humans20-23 have been performed noninvasively by examining the pressure-strain elastic modulus (Ep) measured with transcutaneous ultrasound combined with measurements of blood pressure. Ep is closely related to PWV and has the added advantage of determining arterial stiffness at specific sites, as has been shown at carotid atherosclerotic lesions compared with adjacent carotid walls where there were no lesions. 22, 23 In this study, we hypothesized that noninvasive measurements of PWV and Ep, when used in combination with other minimally invasive parameters, can improve the detection and prediction of asymptomatic atherosclerosis severity. To test this hypothesis, noninvasive measurements were made in a nonhuman primate model during atherosclerosis progression and regression induced by dietary manipulation. Aortic PWV, carotid artery Ep, blood pressure, and total serum cholesterol concentration were measured and compared with quantitative descriptors of atherosclerosis severity in pathology specimens. Multiple regression analyses were used to determine the contributions of individual and combined parameters that best explain the variability of the data and to determine what specific factors could be used to noninvasively predict atherosclerosis lesion severity.
Methods

Animal Model and Experimental Design
Seventy-nine adult male cynomolgus monkeys (Macaca fascicularis) were acquired from Primate Imports (Port Washington, New York) and were divided into 10 groups: three control groups (n=7 each), five progression groups (n=8 each), and two regression groups (n=9 each). Atherosclerosis was induced in the progression and regression groups by feeding a high cholesterol diet (1.0 mg/kcal, with 40% of calories from butter) for up to 30 months. Control animals were fed commercially available monkey chow diet throughout the experimental period. The monkeys in the regression groups were fed the high cholesterol diet for 18 months, followed by a monkey chow diet for 6 or 12 months. Noninvasive measurements of aortic PWV were obtained every 6 months, and total serum cholesterol concentrations were determined every 60 days in monkeys from all groups. Every 6 months, a group of monkeys was studied with invasive hemodynamic techniques and with ultrasonic evaluation of the common carotid artery and then were killed to allow morphometric evaluation of atherosclerosis severity in the aortas and carotid arteries. Several monkeys died of causes unrelated to the study, and data from these animals are not included here. The 10 experimental groups are designated 6P,  12P, 18P, 24P, 30P, 24R, 30R, 18C, 24C, and 30C; the number refers to the number of months since experimental induction, and P, R, and C refer to the progression, regression, and control groups, respectively. Preliminary findings in the first 18 months of atherosclerosis progression have been previously published for the thoracic and abdominal aortas of 25 of these 79 monkeys5 and for the carotid artery of 13 of these monkeys,'9 but no noninvasive measurements of PWV or correlations with morphometric descriptors of atherosclerosis severity have been presented. These data are, therefore, incorporated in this study to provide a more complete range of atherosclerosis severities for the multiple regression analyses.
Noninvasive Measurements ofAortic Pulse Wave Velocity At 6-month intervals, noninvasive measurements of aortic PWV were attempted in all animals. Each monkey was premedicated with 0.05 mg/kg atropine sulfate and anesthetized with 10 mg/kg i.m. ketamine hydrochloride. Satisfactory recordings were made in a total of 260 experiments. The method for determining noninvasive PWV involved tonometric measurement of pulse waveforms from strain gage transducers placed on the skin over the carotid and femoral arteries. These waveforms along with the heart sounds and electrocardiogram were recorded on a 2800 chart recorder (model 2800, Gould Inc., Cleveland, Ohio) and sampled at 1,000 samples/sec by a PDP 11/34 computer (Digital Equipment Corp., Maynard, Mass.). The pulse wave transit time from the aortic root to the femoral artery for up to 21 simultaneous cardiac cycles was calculated from the difference of the initial rise of the wave front of the carotid pulse to that of the femoral pulse. The transit time from the second heart sound to the dicrotic notch of the carotid waveform was also measured and was added to the carotid-to-femoral transit time to correct for carotid wave propagation. Distance measurements were made from the sternal notch to the navel to the femoral transducer and were later corrected with measurements from an arteriogram taken before necropsy. PWV from the aortic arch to the femoral artery was estimated by calculating the distance divided by the transit time. Ultrasound studies were completed after the PWV experiments. The system used for measurement of carotid arterial diameter and diameter change has been described in detail.19 20 Basically, electronic gates were locked onto ultrasonic echoes from the adventitial interface of the near wall and the lumen intimal interface of the far wall to determine arterial diameter. Ep was calculated from Dd (AP/AD), where Dd is the diastolic diameter, AP is the systolic-diastolic blood pressure at the aortic arch, and AD is the diameter change from systole to diastole.
Measurement of Invasive
At the end of the hemodynamic experiments, arteriograms of the carotid arteries and the aorta were obtained for determining the length of these segments and the catheter position.
Atherosclerosis Evaluation
Before necropsy, each animal was anesthetized with sodium pentobarbital and exsanguinated through the inferior vena cava, and the cardiovascular system was briefly flushed with saline (pH 7.0) to remove blood from the arteries. Aortas from all but the 18P groups were removed from the animal, cleaned, and opened longitudinally along the anterior midline. They were then fixed flat in 10% neutral buffered formalin. Aortas from the 18P group were fixed in situ at 100 mm Hg for 60 minutes. The thoracic aorta was defined as that section beginning at the origin at the left subclavian artery and ending at the celiac artery. The abdominal aorta was defined as that section between the celiac artery and the aortic bifurcation into the two common iliac arteries.
Five cross-sectional tissue blocks from equally spaced standard sites in each aortic segment were dehydrated through increasing concentrations of ethanol and were embedded in paraffin. Standard tissue blocks from the common carotid arteries were trimmed from the proximal, middle, and distal third of each vessel. Two 5-,um thick tissue slides were cut from each block and were stained with either Verhoeff-van Gieson's or hematoxylin-eosin stains. Morphometric measurements were obtained using a sonic digitizer, and the results from each artery were averaged.
Atherosclerosis severity was defined in terms of the intimal cross-sectional areas (plaque IA), the ratio of intimal to medial cross-sectional area (IA! MA), average intimal thickness, maximal intimal thickness, percentage of the length of the internal elastic lamina destroyed, percentage of the media that was destroyed, and percent lumen stenosis. Percent lumen stenosis was defined as the proportion of the lumen area outlined by the internal elastic lamina that contained intima (plaque).
Statistical Analysis
Stepwise linear regression analysis was performed on all of the data from the termination studies with an RS/1 System (Digital Equipment Corp., Maynard, Mass.) on a PDP 11/44 computer. Models were designed to choose the best combination of parameters determined by minimally invasive techniques that could predict the morphometric descriptors of atherosclerosis severity. Multiple regression equations that predicted IA/MA, IA, average wall thickness, and percent lumen stenosis from measurements of arterial stiffness (PWV and Ep), blood pressure (systolic, diastolic, and pulse), and blood lipids (total serum cholesterol concentrations) were used. At the end of the stepwise regression analysis, only those parameters that significantly contribute to overall population variability remained in the model, and the coefficients of the final linear equations were computed. Simple correlations were also performed between all parameters. To understand the determinants of PWV and Ep, stepwise multivariate regression analysis was also performed to determine which combination of the anatomic and clinical descriptors best described the variability in measurements of arterial elasticity. Data are presented as mean± SEM.
Results
Noninvasive Pulse Wave Velocity and Pressure-Strain Elastic Modulus
An example of the hemodynamic measurements made from a typical combined noninvasive and invasive experiment from an M fascicularis monkey in the control group is presented in Figure 1 . Noninvasive PWV was determined from the carotid and femoral pulses and heart sounds. Invasive PWVV was deter- After 18 months of the progression diet followed by 6 months of the regression diet, PWV also continued to increase in 17 monkeys. After 6 more months of the regression diet, the nine animals in the 30R group had reduced PWV compared with the five animals in the 30P group. PWV of the control group was not significantly changed during the first 24 months but was elevated at 30 months compared with other control groups. Carotid artery Ep as a function of the duration of hypercholesterolemia showed an early decrease from 120+49 kPa at 6 months to 73±34 kPa after 12 months followed by subsequent increases to more than 200 kPa after 18 months ( Figure 3 and Table 2 ). There were no significant differences in Ep between the progression and regression groups at 24 and 30 months. The control group showed no significant changes over time, with Ep ranging from 75+9 kPa at 18 months to 113+22 kPa at 30 months.
Termination Studies
Body weights; heart weights; mean progression total plasma cholesterol concentrations; systolic, diastolic, and pulse blood pressures; and invasive PWV and Ep determined on the day of death for each of the groups are shown in Tables 1 and 2 . Total plasma cholesterol concentrations during atherosclerosis induction averaged more than 600 mg/dl in all groups and decreased to about 200 mg/dl in the regression groups. Total plasma cholesterol concentrations in the control groups averaged about 120 mg/dl throughout the experiment.
In the abdominal aorta, after the average invasive PWV had increased to 8.52±0.67 m/sec at 18 months of the progression diet, PWV increased further to 9.03+0.84 m/sec in the first 6 months of the regression diet (24R group) and then decreased to 7.88+0.44 m/sec after 12 months of the regression diet (Table 2) , paralleling the noninvasive PWV measured in all pooled animals ( Figure 2 ). PWV further increased to 9.31+0.73 m/sec after 30 months on the progression diet. The thoracic aorta did not show the same increase in PWV during regression, and the group mean PWV, which had increased to 7.44+0.83 m/sec at 18 months of the progression diet decreased to 6.78±+1.17 (24R) and to 5.49+0.33 m/see (30R) after 6 and 12 months of regression, respectively. The seven monkeys in the 24P group All values are mean+SEM. TPC, total plasma cholesterol; P, progression of atherosclerosis; R, regression of atherosclerosis; C, control; numbers for each of the groups represent number of months on diet.
showed lower PWV than did the eight monkeys in the 18P group and do not appear to be representative of the continued increase in noninvasive PWV measured in the 18-24-month period in all of the pooled animals ( Figure 2 ).
There was good correlation (r=0.85) between noninvasive aortic PWV on the day of death with the simultaneously obtained invasive PWV under control conditions and during intravenous infusion of norepinephrine and nitroprusside (Figure 4 ).
Mlorphometric Data
Morphometric results for the combined thoracic plus abdominal aorta and for the carotid artery are shown in Tables 3 and 4 aorta ( Figure 5 ) was slightly increased at 6 and 12 months of the progression diet, followed by large increases to ratios greater than 1.0 after 18 months of the progression diet. The IA/MA ratio in the 24P group was less than that in the 18P group for the combined aorta (Table 3 and Figure 5 ). This appears to follow the similar decrease in PWV ( Table  1) . The 24R and 30R groups showed slight reductions in IA/MA ratios compared with the 18P group, but the differences were not significant when these groups were compared with the 18P, 24P, or 30P groups. The IA/MA ratio in the control groups essentially remained at 0.
Correlation Between Elasticity and Morphometric Data
The relation between invasive PWV over the entire aorta and mean aortic intimal area (Figure 6) Multiple regression analysis accounted for more of the population variability ( Table 5 ). The minimally invasive parameters that best explain the variability in the IA/MA ratio were a combination of PWV, diastolic and systolic blood pressures, and total plasma cholesterol concentration for the thoracic aorta (r=0.83) for the combined aorta (r=0.81). The parameters that contributed most to the variability in PWV in the thoracic aorta were the IA/MA ratio, IA, percent destroyed internal elastic lamina, and diastolic pressure (r=0.74), whereas in the abdominal aorta, only IA and diastolic pressure contributed significantly to the variability in PWV (r=0.73). For the carotid artery, combinations of Ep and diastolic and systolic blood pressures also improved the prediction of the IA/MA ratio (r=0.72), although the correlation coefficients were not as high as those for aortic PWV.
The relation between the predicted and measured values of the combined aorta IA/MA ratio for each animal is presented in Figure 8 . The predicted IA/MA ratio was derived from the multiple regression equation from Table 5 for the combined aorta using noninvasive PWV, diastolic and systolic blood pressures, and total plasma cholesterol concentrations. With this equation, the regression coefficient was r=0.81 (r2=0.66), which explained more of the variability than the highest simple correlation between the IA/MA ratio and PWV (r=0.66, r2=0.44).
Discussion
This study shows that combinations of parameters measured with minimally invasive techniques can be used to help predict the severity of diffuse asymptomatic atherosclerosis in nonhuman primates, explain10r-2.0r nal Area ( mm2) FIGURE 6. Plot of relation between invasive pulse wave velocity and intimal plaque area for the whole aorta (thoracic plus abdominal) for each group of monkeys (r=0.58). C, control; P, progression; and R, regression diet groups. Numbers preceding group designation refer to number ofmonths on diet. ing as much as 66% (r=0.81) of the variability of the morphometric descriptor, the IA/MA ratio. These multiple correlations using PWV, systolic and diastolic blood pressures, and total plasma cholesterol concentration provided an improvement over the best correlation using PWV alone to predict atherosclerosis, which explained only 44% of the population variability of the IA/MA ratio. third of the variability of atherosclerosis remains unexplained. Because of this variability and the differences between diet-induced atherosclerosis in monkeys and the development of focal atherosclerosis in humans, the direct application of these findings to human subjects is unclear.
Part of the variability is due to measurement error of the various parameters. First, noninvasive PWV must be measured accurately. This requires accurate measurement of transit time between two pulses and accurate measurement of distance between the two locations. In the case of noninvasive aortic PWV, some estimation of the location of where the segment of interest begins and ends is required. Nevertheless, we were able to obtain good correlation (r=0.85) between simultaneously determined noninvasive and the more accurate invasive PWV (Figure 4 ). Blood pressure and total plasma cholesterol concentration also have some biological variability that can affect the results. Last, the morphological parameters measured at necropsy also have measurement errors principally due to preparation artifacts and sampling errors. Numerous other factors undoubtedly also affect arterial stiffness, such as adrenergic tone of the large vessels, structural architecture of the vessel wall independent of the intimal plaque, and age.
Evidence of factors other than atherosclerosis that influence arterial stiffness is illustrated by the studies of Avolio et al, in which Chinese subjects from a geographical province with elevated dietary salt intake and hypertension had elevated PWV at any given age,13,16 and subjects who voluntarily reduced their salt intake had reduced PWV in another study.18 Aortic PWV was significantly dependent on age but with correlations of r=0.55-0.67, the result being that age accounted for only 30-45% of the r' variability of PWV.
In the present study, the exact age of the monkeys was not known. Presumably, they were all young adults at the start of the study, and during the 3 years, they aged an equivalent of perhaps 18 human years. Age is the most probable variable to account for the increase in PWV in the control group, although there was some atherogenesis occurring that resulted in slight increases in intimal area and percentage of the internal elastic lamina destroyed (Figure 2, Table 3 ). We do not know why such a large PWV increase occurred in the last 6 months, at least as measured in the five remaining monkeys in the control group. Age probably also contributed to the increase in PWV in the progression and regression groups as well, but atherosclerosis was the dominant factor because at a given age or time in the study after the first 12 months, PWV was greater in the progression than in the control group.
The noninvasive PWV measurements ( Figure 2 ) imply a linear increase in aortic stiffness during the period of 6-30 months of hypercholesterolemia-induced atherosclerosis. However, the invasive data appear to reside in two clusters as illustrated in Figures 5 and 6: PWV at about 6.0-6.5 and 7.0-9.0 m/sec. The carotid artery data were also clustered in two groups: Ep greater than 200 kPa and Ep less than 150 kPa. The data, thus, seem to be strongest in predicting whether intimal area is greater or less than 2 mm2 for aorta ( Figure 6 ) or 0.75 mm2 for the carotid artery ( Figure 7 In the present study, the multivariate analysis did not separately determine the effects of atherosclerosis progression and regression. We wanted a single relation using combinations of minimally invasive parameters that would be applicable, regardless of whether progression or regression had occurred so that we could predict the amount of disease for any given animal. The resultant linear regression model is a better predictor than single parameters. However, it appears to overestimate the IA/MA ratio for the control group and underestimate that for the regression group (Figure 8 ). When the IA/MA ratio is greater than 1.0, we have the best confidence in the minimally invasive parameters for predicting animals with atherosclerosis.
The amount of biological and experimental variability found would suggest that the study could have been improved with a larger number of monkeys in each group. However, the experimental design and cost considerations necessitated having fewer monkeys as time progressed. For example, the 46 experiments performed at 6 months of progression ( Figure  2 ) appear adequate to provide a fairly high confidence in the noninvasive measurements of those times. However, by 30 months, only five animals remained in the progression group, and greater variability was evident. A larger population size would probably have distributed the data better, with less clustering in the two areas. The apparent reduction in PWV in the seven monkeys of the 24P group compared with that in the eight monkeys of the 18P group (Table 2) , which was not representative of the pooled data (Figure 2 ), also illustrates this problem and is most likely an anomaly. However, it is encouraging that the IA/MA ratios also showed reductions in these same animals.
The increase in aortic PWV after 6 months of the progression diet followed an initial decrease in the first 6 months (Figure 2 ). There was also a similar, but less-pronounced, decrease in carotid artery Ep in the same period (Figure 3) . The exact explanation for this finding is unknown, but one possibility is that the initial response to hypercholesterolemia is a proliferation of smooth muscle cells, an accumulation of lipids, and a loosening of tissue in the media that results in a more compliant vessel wall. Later, multiple factors such as disruption of the elastic lamina within the tunica media, increased amounts of collagen and other nonfibrous connective tissues, mineralization, and so on contribute to greater vessel stiffness as well as increased intimal plaque size.
We previously showed a reduction of aortic PWV from 9.4+ 1.0 m/sec after 38 months of progression of atherosclerosis to 6.3+0.3 and 6.6+0.3 m/sec in two groups of rhesus monkeys after 24 months of regression of atherosclerosis, implying a reduction in stiffness during the regression period.6 The present study also shows reductions in PWVV in the combined aorta after 12 months of regression but not in the first 6 months of regression, demonstrating that some amount of time (that is, 1 year) is required before any beneficial effects of dietary reduction in cholesterol can affect arterial distensibility. The fact that carotid artery Ep showed no reduction during regression in the fascicularis monkeys of the present study is consistent with the lack of carotid artery atherosclerosis regression in the previous studies in rhesus monkeys,24 in which aortic PWV and atherosclerosis were clearly demonstrated to be reduced. 6 The aortic changes in atherosclerosis regression in the present study appeared to follow most closely similar reductions in the IA/MA ratio. However, the relation between PWV and the pathophysiology of changes in arterial mechanics during atherosclerosis progression and regression is undoubtedly much more complex, involving changes in the media, intima, and internal elastic lamina that are not fully understood and that may be different between experimental animals and humans.
Arterial elasticity remains an important factor in cardiovascular physiology, affecting the work of the heart, ventricular afterload, systolic hypertension, and pulse wave transmission and contour. It is clear that the determinants of arterial elasticity are multifactorial and can be modified not only by disease states but by normal cardiovascular processes. PWV and other elasticity parameters, therefore, will be the most useful in detecting asymptomatic cardiovascular disease and determining effects of therapeutic and experimental interventions when used in combination with other parameters.
